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a b s t r a c t
Sr-doped titania nanomaterials were prepared rapidly by microwave-induced combustion in 20 min, 
the oxidant and titanium were obtained from butyl titanate, the doping source and the fuel was 
from strontium nitrate and urea respectively. The samples were characterized by XRD, SEM, XPS, 
UV-Vis and FT-IR. The results showed that with the increase of doped Sr content from 0% to 1.0%, 
the average grain size of TiO2 nanomaterials decreases from 21.3 to 19.2 nm, Sr was favorable for 
anatase formation and inhibited grain crystallization, and the sample has a larger specific surface 
area after doping. The degradation of organic wastewater containing methyl orange was carried 
out under UV irradiation for 20 min to discuss the effect of doping amount on the photocatalytic 
efficiency of the sample. The results indicated that the photocatalytic efficiency of doped Sr samples 
is higher than that of pure TiO2, and the photocatalytic efficiency increases from 52.3% to 94.3% with 
the increase of Sr content. The maximum photocatalytic efficiency is the sample with a Sr content 
of 0.5%, and the maximum catalytic degradation rate is 95.6% after 20 min. It can be seen that the 
photon utilization rate of Sr-doped TiO2 nanomaterials prepared rapidly by the microwave-induced 
combustion method has been significantly improved, and the mechanism of degradation of organic 
matter by nano Sr@TiO2 was also studied and has the potential to be applied in the treatment of 
organic wastewater.
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1. Introduction

Due to their unique properties and structures, nano-
materials have been widely used in environmental pro-
tection, pollution treatment, biomedicine and other fields 
[1–7]. With the development of industrial society, water 
pollution has become increasing seriously. Therefore, 
nanomaterials have received more and more attention due 
to their excellent performance in treating water pollutants 
[8–12]. Under ultraviolet light irradiation, the anatase-type 
nano-TiO2 material has excellent property in degrading 

organics in wastewater with high photocatalytic activity 
and good stability. Therefore, it has attracted more and 
more researchers’ attention and has become the most prom-
ising photocatalysts for degradation of organics in waste-
water [13]. However, anatase TiO2 is only excited under 
ultraviolet light, and the photogenerated electrons and 
holes will recombine rapidly, which greatly reduces the 
photocatalytic efficiency of TiO2 [14]. In order to overcome 
the above shortcomings, many researchers [15–25] have 
doped TiO2 with metal or non-metal ions to prepare TiO2 
composite materials to suppress the recombination reaction 
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of photogenerated electrons and holes, and broaden the 
wavelength absorption range of TiO2 nanomaterials by 
improving the charge separation efficiency and narrowing 
the forbidden band gap respectively. The combination of 
n-type TiO2 and p-type semiconductor to construct a p-n 
heterostructure is an effective way to improve the photo-
electric conversion efficiency of TiO2 [26]. Strontium tita-
nate (SrTiO3) is a p-type semiconductor with a perovskite 
structure. Its forbidden band gap is about 3.2 eV. Because 
of its high dielectric constant and large optical coefficient, 
it is widely used in capacitors, energy converters, optical 
device and memory device response [27]. Because the edge 
of the conduction band of SrTiO3 is more negative than that 
of TiO2 cathode [28], it is possible to improve the photoelec-
trochemical performance of SrTiO3 composite TiO2. Yang et 
al. [29], Ng et al. [30] found that SrTiO3/TiO2 photocatalysts 
can improve the charge separation efficiency and obtain 
higher photocatalytic activity. Zhang et al. [31] prepared 
the TiO2-SrTiO3 composite heterostructure by hydrother-
mal method and confirmed that the photoelectrochemical 
performance of TiO2 has been significantly improved.

At present, the preparation methods of TiO2 compos-
ite materials mainly include sol-gel method, hydrother-
mal method, microemulsion method, solution combustion 
method and microwave-induced combustion method. The 
advantages and disadvantages of various methods for pre-
paring TiO2 composite materials are shown in Table 1 [32–43].

Microwave-induced combustion method is also called 
microwave-assisted synthesis or microwave-activated 
com bustion synthesis, which is a kind of self-propagating 
high-temperature synthesis technology. In the microwave 
electric field, the orientation of the polar molecule changes 
with the microwave, generating vibration and mutual fric-
tion effects, so that the temperature of the sample rises to 
the ignition point uniformly and quickly, and the combus-
tion reaction proceeds smoothly, and the heat released can 

maintain the reaction smoothly. At the same time, it decom-
poses to produce a large amount of combustible gas. The 
whole reaction process lasts for a few minutes. The final 
combustion product is not easy to harden, fragile, and has a 
loose texture. In short, the microwave-induced combustion 
method has the advantages of simple operation, clean and 
efficient, low pollution, low energy consumption, no need 
for calcination, and small and uniform product particle size 
distribution [41–43].

In the field of TiO2 composite material photocatalytic 
performance research, predecessors have done a lot of 
work: Kanakaraju et al. [44] prepared TiO2/Mo photocata-
lysts with different molybdenum content by wet impreg-
nation method, and systematically investigated the amount 
of photocatalyst, methyl orange Influencing factors such 
as initial concentration and initial pH, the optimal process 
conditions were determined. The optimal TiO2/Mo (3 wt%) 
photocatalyst had a photodegradation efficiency of 94.5% 
for methyl orange within 120 min. Ao et al. [45] the sol-gel 
method to prepare TiO2 nanomaterials, and obtained the 
highest methyl orange degradation rate of 49.28% after 
being degraded and irradiated under ultraviolet light for 
4 h. Damdinova et al. [46] used the photoreduction method 
to deposit Ag2MoO4 nanoparticles on the surface of TiO2 
nanofibers, and degraded the methyl orange solution for 
75 min under ultraviolet light irradiation, and the photocat-
alytic activity was 94.17%. In this paper, the microwave-in-
duced combustion method was used to rapidly prepare 
nano-Sr@TiO2 in 20 min, and the TiO2 was modified to 
improve the utilization rate of light quantum. The result 
of catalytic degradation of methyl orange under ultraviolet 
light for 20 min showed that the degradation rate of 52.3% 
was compared with that of pure TiO2, Sr@TiO2 photodegra-
dation rate has been improved, when the doped Sr amount 
is 0.5%, the highest catalytic efficiency is reached, which is 
95.6%. And it is conducive to the practical application of 

Table 1
Advantages and disadvantages of various methods for preparing TiO2 nanocomposites [32–43]

Preparation methods Advantages Disadvantages

Sol–gel method [32–34] Uniform sample particles High cost, gas overflow can cause 
shrinkage and agglomeration easily 
during calcination process

Hydrothermal method [35,36] Low energy consumption, controllable 
reaction atmosphere, low pollution, ideal 
crystal dispersion and crystallinity

Harsh Reaction conditions, difficult to 
observe the shape of the sample

Microemulsion method [37,38] Mild reaction conditions Surfactant is difficult to choose, the 
obtained particle crystal form is 
usually amorphous, and subsequent 
treatment is required

Solution combustion method [39,40] Short preparation cycle, simple operation, 
and simple required equipment 

Short and uncontrolled combustion pro-
cess, the type and amount of fuel can 
easily affect the combustion process

Microwave induced combustion 
method [41–43]

Without calcination, small particle size and 
uniform distribution, clean and efficient, 
low pollution and energy consumption

Need to consider the influence of fuel 
type, microwave power, temperature, 
pH value and other factors to find 
suitable conditions
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nano-TiO2 materials and solves the serious water pollution 
problem.

2. Materials and methods

2.1. Materials

Butyl titanate (AR, 99%), isopropanol (AR, 99%), stron-
tium nitrate (AR, 99%), nitric acid (GR, 99.8%), Chengdu 
Kelon Chemical Reagent Factory; Urea (AR, 99%), Chongqing 
Chuandong Chemical Group Co., Ltd.; Methyl Orange 
(AR, 99%), Chongqing Kelong Chemical Reagent Factory; 
Deionized water was used throughout the experiment.

2.2. Preparation of Sr@TiO2

All chemicals applied in this work were used as received 
without further purification. The synthesis steps of Sr@
TiO2 samples are as follows: strontium nitrate (0.0000, 
0.0016, 0.0022, 0.0027, 0.0055 respectively to control the Sr 
content of the sample) with 0.2839 g urea, 1 mL butyl tita-
nate, 1 mL nitric acid(37%) and 4.5 mL of isopropanol were 
dissolved in 10 mL of distilled water in a crucible under 
magnetic stirring, and heated it until it becomes viscous. 
Then microwave the obtaining gunk for a few minutes. 
After heating, the samples of molar ratio of Sr to Ti of 0%, 
0.3%, 0.4%, 0.5% and 1.0% were obtained (Table 2).

2.3. Characterization techniques

X-ray diffractometer (XRD, PANalytical X’Pert Powder, 
Netherlands), scanning electron microscope (SEM, Japan, 
JSM-7800F), X-ray spectrometer (XPS, Shimadzu, LabX XRD-
6000), Ultraviolet-visible-near infrared spectrophotometer 
(UV-Vis, UV-3600), Fourier infrared spectrometer (FT-IR, 
USA, Nicolet5DX) to characterize the prepared samples.

2.4. Measurement of photocatalytic capacity

30 mg of the prepared Sr@TiO2 sample and 200 mL of 
20 mg/L methyl orange solution was added in a UV photo-
catalytic reactor, and stir for 30 min in the dark to achieve 
adsorption-desorption equilibrium. After the adsorption 
and desorption equilibrium, turn on the mercury UV lamp 
(250 W) approximately 20 cm above the UV photocatalytic 
reactor, and stir under the UV lamp for 20 min. Then the 
solution was centrifuged to obtain the supernatant, and 
the ultraviolet-visible spectrophotometer was used to mea-
sure the absorbance at 464 nm (the maximum absorption 

wavelength of methyl orange) to calculate the degradation 
rate. The percentage of degradation rate can be calculated as:

η =
−

×
( )A A
A

t0

0

100%  (1)

where A0 is the initial absorbance of methyl orange, and At is 
the absorbance after light time t.

3. Results and discussions

3.1. X-ray diffraction

Fig. 1 is the XRD pattern of TiO2 doped with different 
amounts of Sr after microwave reaction for a few minutes. 
Among them, 2θ = 25.24°, 38.24°, 48.16°, 55.2° and 62.8° are 
the characteristic peaks of the anatase phase, and 2θ = 27.1° 
is the diffraction characteristic peak of the rutile phase. The 
average grain size and rutile content of the samples were cal-
culated by Scherrer formula and Quantitative formula [47] 
respectively. According to the XRD patterns of anatase and 
rutile diffraction intensity, the Quantitative formula was used 
to calculate rutile content:

X
I IA R

=
+( )

1
1 0 8. /

 (2)

where IA and IR are the diffraction intensities of the dif-
fraction plane of anatase (2θ = 25.4°) and rutile (2θ = 27.4°) 
respectively. The calculation results are listed in Table 3. As 
shown in Table 3, the rutile content of the sample decreased 
after doping with Sr, indicating that doping with Sr can 
inhibit the formation of TiO2 rutile phase. It is well known 
that titanium dioxide has four different crystal structures, 
among which anatase photocatalytic performance is the best 
but unstable, rutile phase photocatalytic performance is sec-
ond and the most stable, so anatase phase transformed into 
rutile phase easily. According to the research of Rodriguez-
Talavera et al. [48], the radius of doped metal ions will 

Table 2
Dosage of reagent

nSr/nTi (%) Dosage of urea Dosage of strontium nitrate

0 0.2839 0.0000
0.3 0.2839 0.0016
0.4 0.2839 0.0022
0.5 0.2839 0.0027
1.0 0.2839 0.0055

Fig. 1. XRD patterns of titanium dioxide samples with dif-
ferent strontium content: (a) 0%, (b) 0.3%, (c) 0.4%, (d) 0.5%, 
and (e) 1.0%.
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cause lattice distortion, and the stress field formed by such 
distortion will strongly hinder the movement of grain 
boundaries, thus preventing phase transformation.

At the same time, the average grain size decreased after 
Sr doping. Combined with the XRD pattern, it can be seen 
that the half-height width of the sample after Sr doping is 
larger than that of the undoped TiO2, indicating that the 
doped ions have entered the TiO2 crystal lattice and caused 
for a certain degree of lattice defects, the energy barrier of 
mutual diffusion between crystal grains is strengthened, 
and the growth of seed crystals is hindered to a certain 
extent, which makes the crystal average grain size smaller. 
In addition, the diffraction peak of SrO was not found 
in the spectrum, which may be due to the fact that Sr is 
amorphous or isomorphous substituted in TiO2.

3.2. Fourier-infrared X-ray spectroscopy

Fig. 2 shows the infrared contrast spectra of TiO2 and 
pure TiO2 doped with 0.5% Sr. As can be seen from the fig-
ure, pure TiO2 has a weak absorption in the mid-infrared 
region, while TiO2 doped with Sr has a blue shift at the 
wavelength of 600–700 cm–1. The peak within this wave-
length range can be attributed to the stretching vibration 
of Ti–O–Ti bond in anatase. Since the atomic weight of 
Sr ion is larger than that of titanium atom, its stretching 
vibration frequency decreases after isomorphic substitu-
tion. The small peak around 1,100 cm–1 may be caused by 
the asymmetric vibration absorption of hydroxyl groups 
coordinated by some titanium ions. The absorption peak 
at 1,600 cm–1 should be caused by the bending vibration of 
the Ti–OH association peak. The peak around 3,100 cm–1 

is the blue shift of the hydroxyl vibration absorption peak 
adsorbed on water molecules, which is caused by the 
enhanced polarity of TiO2 surface due to the doping of Sr. 
The absorption peak at 1,400 cm–1 is a hybrid peak caused 
by insufficient purity of potassium bromide used in tablet 
pressing. Compared with pure TiO2 infrared spectrogram, 
the Sr@TiO2 samples is not a new peak, no residual organic 
matter in the preparation of sample, but in contrast is still in 
the peak shape and peak position slightly different aspects 
and so on, should be the introduction of the doping ion 
interaction force between the individual groups changes, 
thus make the key of the relative conditions change, affect 
the infrared spectrogram.

3.3. Scanning electron microscopy

Fig. 3a shows the scanning electron microscopy of pure 
TiO2, and Fig. 3b shows the scanning electron microscopy 
of TiO2 with 0.5% Sr content. As can be seen from the fig-
ure, pure TiO2 presents a loose block with a large volume, 
while TiO2 doped with Sr presents an irregular sheet with an 
uneven size. In the process of sample preparation, the short 
time and high temperature of microwave heating could be 
caused an explosive and uneven combustion, this may be the 
cause of this situation.

3.4. X-ray photon spectroscopy

Fig. 4 shows the TiO2 XPS spectrum with 0.5% Sr con-
tent after microwave reaction for 10 min. Fig. 4a confirms the 
existence of Ti, O, C and Sr. As can be seen from Fig. 4b, two 
peaks at 461.7 eV and 469.3 eV are observed in the Ti 2P spec-
trum, corresponding to 2p3/2 and 2p1/2 of Ti4+ respectively. 
Compared with pure TiO2, the peak of O 1s moves towards 
the direction of high binding energy, and the peak of O 1s 
moves towards the direction of low binding energy, indicat-
ing that doping Sr enters the lattice. The lattice distortion of 
TiO2 is caused, and more oxygen vacancies are generated, 
and the active reaction center of TiO2 is increased. Fig. 4c is 
an XPS image of O 1s, with a peak value of 257.3 eV corre-
sponding to O atoms bonded to metals (Ti and Sr) and a peak 
value of 529 eV corresponding to surface hydroxyl oxygen 
groups (O-H). Fig. 4d shows the XPS of Sr 3D, where two 
peaks at 133.7 and 135.4 eV can be observed respectively, 
which are Sr 3d5/2 and Sr 3d3/2. The lower energy peak is 
consistent with the perovskite structure SrTiO3, while the 
higher energy peak can be attributed to the SrO complex.

3.5. Photocatalytic capacity

In general, photocatalysts generate e– – h+ pairs by 
absorbing photon energy, which can produce active sub-
stances such as O2

–, OH for different photocatalysts, the 
number and types of active species produced are different 
under different conditions. The photocatalytic degradation 
process mainly consists of four steps: (1) absorbing light 
to generate e– – h+ pairs; (2) separation of excited charge; 
(3) transfer electrons and holes to the surface of the photo-
catalyst to avoid the recombination of electrons and holes; 
(4) generation of active species and degradation response 
of active species to target organic pollutants [49–51].

Table 3
Effect of the Sr content on the rutile/anatase content and average 
grain size

Sr content (%) 0 0.3 0.4 0.5 1.0

Rutile content (%) 0.54 0.3 0 0.32 0.31
Average grain size (nm) 21.3 15.2 9.4 15.9 19.2

 
Fig. 2. FT-IR spectra of pure TiO2 and 0.5% Sr@TiO2.
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Fig. 3. SEM images of samples (a) pure TiO2 and (b) 0.5% Sr@TiO2.

Fig. 4. XPS spectra of 0.5% Sr@TiO2: (a) fully scanned spectra, (b) Ti 2p, (c) O 1s, and (d) Sr 3d.
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The mechanism of photocatalytic degradation of organic 
matter by TiO2 nanomaterials is shown in Fig. 5 [52]. When 
the radiation energy (hv) is greater than or equal to the 
band gap energy (Eg), an electron from valence band (VB) 
is excited to transition to conduction band (CB), so that a 
valence band electron (e–) is formed on CB and a valence 
band hole (h+) is formed on VB [Eq. (3)]. And then, H2O 
reacts with h+ to form the highly oxidizing hydroxyl radical 
(OH ) [Eq. (4)]. At the same time, a series of reactions [Eqs. 
(5)–(10)] between the e– and O2 adsorbed on the surface 
of titanium dioxide also produce hydroxyl radicals. With 
strong oxidation, OH can participate in the bond break-
ing reaction process of organic pollutant (R) and degrade 
them into harmless CO2, H2O and inorganic acids [53]. It’s 
worth noting that the energy (hυ) of modified TiO2 required 
for the electronic transition is significantly reduced, so the 
photo quantum utilization rate of Sr-doped TiO2 nanomate-
rials prepared by microwave-induced combustion method 
is significantly improved.

TiO2 + hυ → e– + h+ (3)

H2O + h+ → OH + H+ (4)

OH– + h+ → OH  (5)

O2 + e– → O2
– (6)

 O2
– + H2O → OOH + OH– (7)

2OOH → O2 + H2O2 (8)

OOH + H2O + e– → H2O2 + OH– (9)

H2O2 + e– → OH + OH– (10)

Fig. 6A shows UV-visible diffuse reflectance spectra of 
pure TiO2 and Sr@TiO2 samples. As can be seen from the 
figure, the absorption of Sr@TiO2 sample mainly exists in 
the ultraviolet region, and the absorbance of the sample 

with the content of Sr at 0.5% is the highest. In addition, the 
sample also has partial absorption in the visible light region, 
which may be due to the fact that the rutile phase is mixed 
in the sample and Sr2+ enters the TiO2 lattice at the same 
time, which changes the structure and results in absorption 
in the visible light region (400–500 nm). According to the 
band gap energy estimation formula Eg = 1,240/λg (λg/nm 
is the intersection of the vertical part and the horizontal part 
of the spectrum), the band gap width of pure TiO2 is 2.91 eV, 
and the band gap widths of the samples with the Sr content 
of 0.3%, 0.4%, 0.5% and 1.0% are 2.86, 2.82, 2.81, and 2.86 eV, 
respectively. The band gap of Sr doped TiO2 was lower than 
that of pure TiO2, which expanded the visible light absorp-
tion range.

Fig. 6B shows the histogram of catalytic degradation of 
methyl orange by TiO2 doped with different amounts of Sr 
for 20 min under UV light. It can be seen from the figure 
that the degradation rate of pure TiO2 is 52.3%, while the 
photodegradation rate of TiO2 doped with Sr is improved 
to some extent. The sample with Sr content of 0.5% has the 
highest catalytic efficiency of 95.6%, which corresponds to 
the maximum absorbance of the sample with Sr content of 
0.5% in Fig. 6A. At the same time, it can be seen that with 
the increase of doping amount, the photocatalytic efficiency 
gradually increases. When it reaches 0.5%, the photocat-
alytic efficiency decreases again, but it is still higher than 
that of pure TiO2. The main reasons are as follows: (1) There 
is more rutile in pure TiO2, accounting for 0.54%, and the 
photocatalytic activity of rutile phase is low, which leads to 
the low photocatalytic activity of pure TiO2. After doping 
with Sr, the content of rutile phase in the sample decreases, 
and a small amount of rutile phase in anatase is helpful for 
the separation of photogenerated electron-hole pairs, thus 
improving the photocatalytic efficiency. (2) Sr doping into 
TiO2 causes lattice defects, inhibits grain growth, reduces 
the average grain size of doped samples, and increases 
the number of active photocatalytic centers, thus improving 
the catalytic efficiency. (3) In the low concentration range, 
the doping of Sr is beneficial to the separation of photo-
electron–hole pairs, but when the doping concentration is 
too high, the composite center of photoelectron–hole pairs 
will be formed, thus reducing the photocatalytic efficiency.

The previous researches have done a lot of on the cat-
alyst performance of the structures photocatalysis, such 
as [54–56]: Zahra Salehi et al. synthesized Dy2Ce2O7 nano-
structures by the facile salt-assisted combustion method, 
the maximum methyl orange dye degradation was about 
80%; Zinatloo-Ajabshir et al. have been successfully syn-
thesized pure praseodymium cerate (Pr2Ce2O7) nanostruc-
tures via an improved Pechini procedure, the maximum 
methyl orange decomposition was about 92.1% under 
50 min illumination of ultraviolet light; Morassaei et al. 
have prepared highly photocatalytically active Nd2Sn2O7–
SnO2 nanocomposites through a simple salt-assisted 
combustion approach, the maximum methyl orange deg-
radation was about 91% after 60 min illumination of UV 
light. The comparison between the samples prepared in 
this paper and them is shown in Table 4. It can be clearly 
seen from Table 4 that compared with other methods, the 
advantage of this paper is that the synthesis of Sr doped 
titanium dioxide nanomaterial by microwave induced 

Fig. 5. Schematic diagram of TiO2 photocatalytic reaction.
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combustion method for the first time and the high pho-
tocatalytic degradation efficiency of methyl orange, up to 
95.6%. In addition, the combustion time is less than 20 min 
and the sample synthesis time is greatly shortened corre-
spondingly. At the same time, the equipment required for 
sample synthesis is very simple.

4. Conclusions

• TiO2 nanomaterials doped with Sr were prepared by 
microwave induced combustion method rapidly. The 
preparation method is environmentally friendly, pollu-
tion-free, fast and efficient, and the preparation process 
is generally less than 20 min.

• The addition of Sr inhibits the transformation of anatase 
to rutile phase, and the morphology of the samples is 
more uniform and the average grain size is smaller.

• After the degradation of methyl orange solution by 
ultraviolet light for 20 min, it was found that the pho-
tocatalytic activity of the samples doped with Sr was 
greatly improved, and the photocatalytic rate was higher 
than that of pure TiO2. With the increase of the doping 
amount of Sr, the photocatalytic efficiency first increased 
and then decreased, and the photocatalytic effect of the 
sample doped with 0.5% was the best, which was 95.6%. 
Therefore, the photo quantum utilization rate of Sr-doped 
TiO2 nanomaterials prepared by microwave-induced 
combustion method is significantly improved, which is 

expected to be used to solve the pollution problem of 
organic matter in water.
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